Chondrogenesis is accompanied by not only cellular renovation, but also metabolic stress. Therefore, macroautophagy/autophagy is postulated to be involved in this process. Previous reports have shown that suppression of autophagy during chondrogenesis causes mild growth retardation. However, the role of autophagy in chondrocyte differentiation still largely remains unclear. Here, we show the important role of autophagy on chondrogenesis. The transition of mesenchymal cells to chondrocytes was severely impaired by ablation of Atg7, a gene essential for autophagy. Mice lacking Atg7 after the transition exhibited phenotypes severer than mutant mice in which Atg7 was removed before the transition. Atg7-deficient chondrocytes accumulated large numbers of glycogen granules, hardly proliferate and died specifically in the proliferative zone without any ER-stress signal. Our results suggest that the suppression of autophagy in prechondrogenic cells drives compensatory mechanism(s) that mitigate defective chondrogenesis, and that autophagy participates in glycogenolysis to supply glucose in avascular growth plates. Abbreviations: DDIT3/CHOP: DNA damage inducible transcript 3; ER: endoplasmic reticulum; NFE2L2/ NRF2: nuclear factor, erythroid derived 2, like 2; SQSTM1/p62: sequestosome 1; STBD1: starch-binding domain-containing protein 1 ARTICLE HISTORY
Introduction
Autophagy is an intracellular degradation pathway that takes place in lysosomes. Macroautophagy (hereafter referred to as autophagy), the best-characterized form of autophagy, is accompanied by formation of an autophagosome, which surrounds a portion of cytoplasm and eventually fuses with the lysosome, which contains various hydrolases, including proteases, lipases, glycosidases, and nucleases [1] . This degradation system is induced by a variety of stresses, including nutrient deprivation, and enables the cell to adapt to environmental conditions. Therefore, autophagy provides molecular building blocks, such as amino acids, glucose, nucleotides, and fatty acids, for use by cells under stress conditions, and it also removes unnecessary, excessive, or damaged macromolecules, including organelles [2, 3] . Mouse models of defective autophagy have shown that autophagy is required to maintain the levels of amino acids and glucose in blood and tissues of neonatal and adult mice during fasting [4, 5] . Autophagic degradation of lipid droplets in lysosomes is thought to contribute to mobilization of triglycerides during starvation [6] . Supply of lipids through autophagy is also required to replenish triglycerides in lipid droplets [7] . During the neonatal starvation period, expression of the gene encoding lysosomal acid GAA (glucosidase, alpha, acid) is induced in the liver, and glycogen granules are degraded by autophagy for catabolism into glucose [8, 9] . Autophagy is also needed for cellular differentiation and regeneration, both of which are accompanied by bulk replacement of the cytoplasmic components, including organelles [10] . Experiments with genetically modified mice revealed indispensable roles of autophagy in adipogenesis [6, 11] , erythroid differentiation [12] , early embryogenesis [13] , hepatic regeneration [14] , and the beigeto-white adipocyte transition [15] .
Chondrogenesis is a dynamic process that is accompanied by not only changes in cell properties and morphology, but also metabolic stress [16] . During endochondral bone development, mesenchymal cells undergo condensation, which is followed by differentiation of prechondrogenic cells within these condensations into round chondrocytes. Round chondrocytes in cartilage proliferate and progressively reach a stage in which they produce substantial collagen fibrils and proteoglycans and secrete them into extracellular space. Proliferating chondrocytes in the central region of the cartilage then exit the cell cycle and differentiate into hypertrophic chondrocytes. The proliferating chondrocytes closest to the hypertrophic chondrocytes flatten out and form orderly columns of flat chondrocytes, which continue to proliferate. Eventually, hypertrophic chondrocytes die, and their cartilage lacuna are invaded by blood vessels along with osteoblasts and osteoclasts, which then replace the cartilage with newly formed bone matrix. Because the epiphyseal growth plate is an avascular structure, nutrients and oxygen diffuse from the metaphyseal side of the growth plate, suggesting that chondrocytes in the middle of the growth plate experience malnutrition and hypoxia [17, 18] .
Autophagy is postulated to be involved in chondrogenesis, in terms of both the nutrient supply and the replacement of cellular components, as well as tolerance of endoplasmic reticulum (ER) stress. In fact, during chondrogenesis in the early postnatal stage, autophagy is induced throughout the growth plate, a process mediated by FGF18 through FGFR4 and JNK-dependent activation of the autophagy initiation complex PIK3C3/VPS34-BECN 1/Beclin 1 [19] . Ablation of the autophagy-related gene Atg5 or Atg7 during chondrogenesis causes mild growth retardation accompanied by enhanced chondrocyte cell death and reduced cell proliferation [20, 21] . ER-stress mediated cell death occurs in growth plate chondrocytes lacking Atg7, which leads to mild growth retardation [21] . Targeted deletion of Atg5 in chondrocytes promotes age-related osteoarthritis [22] . These findings were based on data utilizing Col2a1-and Prdx1/Prx1-Cre transgenic mice that express Cre recombinase at the stage of mesenchymal condensation and in mesenchymal cells, respectively [23] [24] [25] . In this study, using Col11a2/11Enh-Cre transgenic mice that express Cre recombinase at the round proliferative chondrocyte stage [26] , we found that suppression of autophagy during chondrogenesis causes increased apoptosis and reduced growth of proliferative chondrocytes in the absence of ER stress, leading to severe growth retardation.
Results
Indispensable role of autophagy in the transition of mesenchymal cells to proliferative chondrocytes ATDC5 cells grown in vitro recapitulate multistep differentiation process encompassing the stages from mesenchymal condensation to calcification [27] . To investigate the role of autophagy in chondrogenesis, we generated Atg7-deficient ATDC5 cells ( Figure S1(a) ). Loss of Atg7 in ATDC5 cells inhibited the conversion of LC3-I to LC3-II [28] and led to the accumulation of autophagy-specific substrate, SQSTM1/p62 [29] (Figure S1(a) ), indicating suppression of autophagy. Treatment of ATDC5 cells with INSULIN leads to chondrogenic differentiation that involves formation of cartilage nodules through a cellular condensation process, which gives rise to proliferating chondrocytes. The cartilage nodules increase in size due to chondrocyte proliferation, which continues for about 14 d and then ceases by 21 d [27] . In wild-type ATDC5 cells, COL2A1/COLLAGEN II, which is mainly expressed in proliferative chondrocytes, was detectable 16 d after INSULIN treatment, and the level increased over time ( Figure S1(b) ). In marked contrast, expression of COL2A1 in Atg7-deficeint ATDC5 cells was almost completely blocked ( Figure S1(b) ). These results suggested that autophagy is needed for the transition of mesenchymal cells into proliferating chondrocytes.
Generation of atg7
flox/flox ; Col11a2-Cre mice
In previous studies, Col2a1-or Prdx1-Cre transgenic mice that express Cre recombinase prior to chondrocyte differentiation were utilized to investigate the role of autophagy in cartilage [19] [20] [21] [22] . However, as shown in Figure S1 , autophagy seems to be involved in the differentiation of mesenchymal cells into round chondrocytes, raising the possibility that autophagy-deficient models using Col2a1-and Prdx1-Cre transgenic mice have a defect in an early differentiation step, potentially masking the role of autophagy in chondrocytes. To exclude the effect of defective autophagy in mesenchymal and prechondrogenic cells on chondrogenesis, we crossbred Atg7 flox/flox mice [30] with Col11a2-Cre transgenic mice that express Cre recombinase at the step of round proliferative chondrocytes [26] . The amount of ATG7 protein in cartilage of atg7 flox/flox ; Col11a2-Cre mice was significantly lower than in cartilage of control mice (Figure 1  (a) ). Conversion of LC3-I to LC3-II was markedly impaired, and SQSTM1 accumulated in mutant cartilage though not statistically significant (Figure 1(a) ). Double immunofluorescence analysis with anti-ATG7 and anti-SQSTM1 antibodies revealed loss of signal for ATG7 protein and accumulation of SQSTM1-positive structures, a hallmark of defective autophagy, in resting to hypertrophic chondrocytes of atg7 flox/flox ; Col11a2-Cre mice, but not in age-matched control mice (Figure 1(b) ). Immunofluorescence analysis with anti-LC3 antibody revealed LC3 puncta in both proliferative and hypertrophic chondrocytes of ; Col11a2-Cre mice were born at the predicted Mendelian ratio, and were fertile; however, the mutant mice exhibited severe growth retardation. Body weight and length were both lower in mutant mice at 3 and 6 weeks of age than in age-matched control mice (3 weeks body weight: 28.3%, n = 5, p < 0.01; 6 weeks body weight: 14.5%, n = 7, p < 0.01; 3 weeks body length: 11.5%, n = 5, p < 0.01; 6 weeks body length: 7.9%, n = 5, p < 0.01) (Figure 2(a-b) ). Both X-ray examination and staining with Alcian blue and alizarin red S revealed a significant decrease in the bone length of mutant mice at 3 and 6 weeks of age relative to age-matched controls (Figure 2(c-d) ). Long bones (humerus, ulna, femur, and tibia) of mutant mice were shorter than that of control mice at both 3 and 6 weeks of age (3 weeks: 17.1, 21.2, 20.7 and 18.7%, n = 3, respectively, p < 0.01; 6 weeks: 20.6, 14.6, 21.9 and 17.5%, n = 6, respectively, p < 0.01) (Figure 2 ; Col11a2-Cre at 3 weeks and 6 weeks of age (Figure 3 (a) and data not shown). Although there was no significant difference in the thickness of the growth plate among genotypes (Figure 3(b) ), we observed obvious swelling of both proliferating and hypertrophic chondrocytes in the femurs of atg7 flox/flox ; Col11a2-Cre (Figure 3(c) ). Although TUNEL staining revealed marked cell death of mutant chondrocytes specifically in the proliferating zone (Figure 3(d) ), immunohistochemical staining with anti-MKI67 antibody revealed reduced growth of proliferative chondrocytes (Figure 3(e) ). These results suggest that suppression of autophagy starting at the resting chondrocyte stage affects survival and proliferation of chondrocytes in the proliferative zone.
Slight er-stress signaling in autophagy-deficient chondrocytes
In the next series of experiments, we investigated whether loss of autophagy in chondrocytes affects production and secretion of collagen fibrils such as COL2A1 and COL10A1/ type X COLLAGENS. Immunohistochemical analysis with anti-COL2A1 and -COL10A1 antibodies revealed high levels ; Col11a2-Cre mice aged 3 (n = 5) and 6 weeks (n = 6). Data are means ± s.e.m. **P < 0.01 and ***P < 0.001, as determined by Welch's t-test. ; Col11a2-Cre mice aged 3 (n = 3) and 6 weeks (n = 7). Data are means ± s.e.m. *P < 0.05 and ***P < 0.001, as determined by Welch's t-test. ; Col11a2-Cre mice aged 3 (n = 3) and 6 weeks (n = 6). Data are means ± s.e.m. *P < 0.05, **P < 0.01, and ***P < 0.001, as determined by Welch's t-test.
(c)). On the basis of our observation and previous reports [19, 21] , we speculated that the mutant chondrocytes were undergoing robust ER stress. Surprisingly, however, we did not observe any chondrocytes positive for the ER-stress markers DDIT3/CHOP and HSPA3/BIP in the resting, proliferative, and hypertrophic zones of mutant growth plates ( Figure 4(d-e) ). Consistent with those histological analyses, immunoblot analysis revealed that DDIT3 was not detectable in the growth plates of atg7 flox/flox ; Col11a2-Cre mice at postnatal day 3 or at 3 weeks of age (Figure 4(f) ). Considering that cell death of chondrocytes was detectable even in 3-week-old atg7 flox/flox ; Col11a2-Cre mice (Figure 3  (d) ), these results suggest that the ER stress does not make an important contribution to the apoptosis of autophagydefective proliferative chondrocytes.
Accumulation of glycogen granules in autophagy-deficient chondrocytes
A unique feature of suppression of autophagy is the accumulation of SQSTM1 and subsequent activation of the transcription factor NFE2L2/NRF2 (nuclear factor, erythroid derived 2, like 2) [31, 32] . Because NFE2L2 negatively regulates chondrogenesis [33] , we next investigated whether SQSTM1-mediated NFE2L2 activation affects chondrogenesis. To do this, we crossbred atg7 During chondrogenesis, chondrocytes in the middle of the growth plate suffer from nutrient deprivation due to the avascular structure of growth plate [17, 18] . Chondrocytes induce glycogenolysis to provide glucose for energy production and to overcome malnutrition [34, 35] . In addition to cytoplasmic glycogenolysis, autophagy also has the ability to catabolize glycogen granules [1, 36] . Thus, we carried out immunohistochemical analysis with anti-glycogen antibody. As shown in Figure 5 (a), we observed glycogen in resting and hypertrophic chondrocytes of both control and mutant mice, but the signal intensity was much higher in mutant chondrocytes. This accumulation was observed in chondrocytes as early as 3 weeks in atg7 flox/flox ; Col11a2-Cre mice ( Figure 5(a) ). Consistent with these results, electron microscopy showed that the ratio of glycogen area in mutant chondrocytes was significantly higher than that in control chondrocytes ( Figure 5(b) ).
Discussion
In this study, we demonstrated the role of autophagy during chondrogenesis. We found that 1) the transition of mesenchymal cells to chondrocytes is inhibited by suppression of autophagy; 2) loss of autophagy in chondrocytes after the transition causes severe growth retardation and short bone length; 3) autophagy-deficient chondrocytes die in the specifically proliferative zone, which is not involved in ER stress; and 4) autophagy-deficient chondrocytes accumulate massive glycogen granules.
Remarkably, the phenotypes were more severe in atg7 flox/flox ; Col11a2-Cre mice than in other chondrocyte-specific autophagy-knockout mice, i.e., the atg7 flox/flox ; Col2a1-Cre and atg7 flox/flox ; Prdx1-Cre transgenic mice, both of which lack Atg7 at an earlier step of differentiation than Col11a2-Cre transgenic mice (Table 1) Col2a1-Cre mice) experience growth retardation starting at 4 weeks of age [21] , but this phenotype is also milder than that of atg7 Col2a1-Cre mice were 7.8% and 7.3% lower, respectively, than those of controls at 4 weeks of age, and 17.9% and 10.2% lower, respectively, at 8 weeks of age. Even in atg7 flox/flox ; Prdx1-Cre mice at postnatal day 30 [19] , the lengths of femur and tibia decreased just 10% relative to those of control mice, again a milder phenotype than in atg7 flox/flox ; Percentages show reductions in bone length of mice of each genotype at the indicated ages, compared with the corresponding age-matched control mice. *P < 0.05, **P < 0.01, and ***P < 0.001.
Col11a2-Cre mice. In light of previous results obtained using the same Atg7 flox/flox mice, we conclude that deletion of Atg7 in mesenchymal and/or prechondrogenic cells triggers activation of some form of compensatory mechanism(s). We concluded that the impairment of autophagy from resting chondrocytes causes severe growth retardation. Why is suppression of autophagy accompanied by increased apoptosis? Using Col2a1-Cre mice, Kang et al. reported reduced height of the proliferative and hypertrophic zones in chondrocytespecific atg7-knockout mice, as well as chondrocytic apoptosis throughout the zones, which is dependent on the EIF2AK3/ PERK-ATF4-DDIT3/CHOP axis of the ER stress response [21] . We also observed a significantly elevated number of apoptotic cells in the proliferative zone of the growth plate in atg7 flox/flox ; Col11a2-Cre mice (Figure 3(d) ). However, we observed no reduction in the thickness of the growth plate (Figure 3(b) ), probably due to compensatory swelling of both proliferating and hypertrophic chondrocytes. Unexpectedly, notwithstanding mild accumulation of COL2A1 and COL10A1 (Figure 4(a-b) ) at a time when cell death of mutant chondrocytes was notable (Figure 3(d) ), both our histological and biochemical analyses revealed that growth plate chondrocytes in atg7 flox/flox ; Col11a2-Cre mice did not suffer from any ER stress (Figure 4(d-f) ). Therefore, ER-stress seems not to be a primary cause of cell death in chondrocytes of atg7 flox/flox ; Col11a2-Cre mice, although we cannot exclude the possibility that the chondrocytes in aged mutant mice harboring substantial accumulation of COLLAGENS ( Figure S2 ) could suffer from ER-stress.
In all chondrocyte-specific atg5 or atg7-knockout mice models, SQSTM1 is up-regulated throughout the growth plate [19] [20] [21] [22] . SQSTM1 binds to KEAP1 (Kelch-like ECH-associated protein 1), an adaptor protein of the CUL3 (cullin 3)-based ubiquitin ligase for NFE2L2, and inhibits its E3 activity [31, 32] . Thus, loss of autophagy is thought be usually accompanied by persistent activation of NFE2L2 due to prominent accumulation of SQSTM1 [31, 37] . Considering that overproduction of NFE2L2 inhibits chondrocytic differentiation [33] , it is plausible that SQSTM1-mediated NFE2L2-activation may have a negative effect on chondrogenesis. However, loss of Sqstm1 did not rescue the defective chondrogenesis observed in atg7 flox/flox ; Col11a2-Cre mice ( Figure S3 ). Therefore, although persistent activation of NFE2L2 may inhibit the transition of mesenchymal cells to proliferating chondrocytes, it does not affect chondrogenesis from the round chondrocyte stage onward.
In chondrocytes of atg7 flox/flox ; Col11a2-Cre mice, we observed a marked accumulation of glycogen ( Figure 5 ). Because the growth plate is an avascular structure [17, 18] , glycogen stored in proliferative chondrocytes in the mid-zone of the growth plate is primarily utilized as a short-term energy reserve to support cellular metabolism and biosynthesis [34, 35] . This raises the possibility that glycogen accumulation in Atg7-deficient chondrocytes reflects a failure to supply glucose, which is essential for their survival and growth. In fact, we observed not only specific cell death of autophagy-deficient proliferative chondrocytes, but also a reduced ability to proliferate (Figure 3(d-e) ). Importantly, glycogen granules are selectively enwrapped by autophagosomes for catabolism into glucose, a type of autophagy termed glycophagy [1, 36] . In mechanistic terms, STBD1 (starch-binding domaincontaining protein 1), which is expressed at high levels in glycogen-storage tissues, can bind glycogen through a C-terminal CBM20 glycan-binding domain, and also binds the autophagosome-localized protein GABARAPL1 through its LC3-interacting region, leading to glycophagy [38, 39] . A recent genetic study in mice revealed that STBD1 plays an important role in glycogen transport to lysosomes in the liver, but not in skeletal or cardiac muscle [40] . Further analysis is needed to clarify whether STBD1-mediated glycophagy occurs chondrocytes, and if so, whether it is involved in chondrogenesis.
Materials and methods

Cells
ATDC5 cell lines were obtained from the RIKEN BioResource Center (RCB0565). SW1353 cell lines were obtained from ATCC (HTB-94). Cells were confirmed to be negative for mycoplasma contamination prior to use. To generate atg7-knockout ATDC5 cells, Atg7 guide RNA designed using the CRISPR Design tool (http://crispr.mit. edu/) was subcloned into pX330-U6-Chimeric_BB-CBhhSpCas9 (Addgene, 42230; deposited by Feng Zhang's lab), a human codon-optimized SpCas9 and chimeric guide RNA expression plasmid. ATDC5 cells were co-transfected with vectors pX330 and pEGFP-C1 (Clontech Laboratories, 6084-1), and cultured for 2 d. Thereafter, GFP-positive cells were sorted and expanded. Loss of Atg7 was confirmed by heteroduplex mobility assay followed by immunoblot analysis with anti-ATG7 antibody. ATDC5 cells were cultured in a DMEM/Ham's F12 medium (FUJIFILM Wako Pure Chemical Corporation, 042-30795) containing 5% fetal bovine serum, 10 µg/ml human TF (transferrin)(FUJIFILM Wako Pure Chemical Corporation., 205-18121), 30 nM sodium selenite (FUJIFILM Wako Pure Chemical Corporation, 196-10841), 2 mM L-glutamine (ThermoFisher Scientific, 25030081), 100 units/ml penicillin and 100 µg/ml streptomycin (ThermoFisher Scientific, 15140122) at 37°C in a humidified atmosphere of 5% CO 2 in air. To induce chondrocytic differentiation, human INSULIN (10 mg/ml) (FUJIFILM Wako Pure Chemical Corporation, 093-06471) was added to the medium, and the cells were cultured for 3 weeks [27] . Medium was replaced every 2 or 3 d [27] . SW1353 cells were cultured in Leibovitz's L-15 medium (ThermoFisher Scientific, 11415064) containing 10% non-inactivated fetal bovine serum, 2 mM L-glutamine (ThermoFisher Scientific, 25030081), 100 units/ml penicillin and 100 µg/ml streptomycin (ThermoFisher Scientific, 15140122) at 37°C in a humidified atmosphere. To induce ER-stress response, Tunicamycin (5 µg/ml) (Sigma-Aldrich, T7765) was added to the medium, and the cells were cultured for 12 h.
Mice
Atg7
flox/flox [30] , and Sqstm1 flox/flox [29] mice in the C57BL/6 genetic background were used in this study. 
Soft X-ray radiography and skeletal staining
For soft X-ray analysis, mice were examined on a SOFRON SRO-M40 (Sofron Co. Ltd, Tokyo, Japan). Exposures were at 30 kV and 4 mA and lasted for 20 s. Next, the samples were fixed for 2 d with 95% ethanol at room temperature and stained with Alcian blue solution containing 0.015% Alcian blue 8GX (Sigma-Aldrich, 05500), 20% acetic acid, and 80% ethanol. After 24 h, skeleton samples were rinsed with 95% ethanol and 2% KOH and counterstained overnight with 0.005% alizarin red S (NACALAI TESQUE, INC., 01303-52) in 2% KOH for 5 h at room temperature. After rinsing with water, samples were cleared with 2% KOH; transferred sequentially into 20%, 40%, and 60% glycerol; and stored in 80% glycerol (FUJIFILM Wako Pure Chemical Corporation, 075-00611).
Histological experiments
Mice were perfused with 4% paraformaldehyde, and excised femurs were decalcified with 10% EDTA, pH7.4 for 2 weeks at 4°C. Paraffin sections with 4 µm thickness were processed for immunohistochemistry. For antigen retrieval, sections were treated with 0.15% trypsin (Sigma-Aldrich, T7409) in 10 mM Tris-HCl (pH 7.6) for 15 min at 37°C. After blocking with 5% skimmed milk in PBS (145 mM NaCl, 2 mM NaH 2 PO 4 , 8 mM Na 2 HPO 4 ) and 0.05% Triton X-100 (NACALAI  TESQUE, [41] (1:100). After incubation with primary antibodies, sections were incubated with the Envision+/HRP system (Dako, K4061) or biotinylated secondary antibodies for 1 h, followed by exposure to streptavidin-peroxidase complex (Vector Laboratories, Inc., PK-6100) for 1 h. For visualization of reaction products, sections were treated with 0.02% 3,3ʹ-diaminobenzidine (Dojindo Laboratories, D006) and counterstained with hematoxylin (Dako, S2020). For immunofluorescence staining, Alexa Fluor-488-conjugated donkey antirabbit IgG (Thermo Fisher scientific, A11008) and Alexa Fluor-568-conjugated goat anti-guinea pig IgG (Thermo Fisher scientific, A11057) were used as secondary antibodies. Sections were counterstained with DAPI (Vector Laboratories, Inc., H-1200) or PI (Vector Laboratories, Inc., H-1300) and observed with a fluorescence microscope (BX51) (Olympus, Tokyo, Japan) or a laser scanning confocal microscope (Olympus, FV300). After image acquisition, contrast and brightness were adjusted using Photoshop CS4 (Adobe Systems, Inc., San Jose, CA, USA). The method for the TUNEL assay was described previously [42] . To count TUNEL-positive cells in the growth plate, a total of 6 and 2 areas for each individual were calculated in 3-(n = 5) and 6-week-old mice (n = 3), respectively. To count MKI67-positive cells in the growth plate, a total of 3 and 2 areas for each individual were calculated in 3-(n = 5) and 6-week-old mice (n = 3), respectively.
Electron microscopy
6-week-old mice were anesthetized with Isoflurane (FUJIFILM Wako Pure Chemical Corporation, 099-06571), followed by pentobarbital (25 mg/kg ip). They were then perfused via the heart first with~30 ml of Ringer's solution (Otsuka Pharmaceutical Factory, Inc., 873319) containing 10 U/ml heparin (NACALAI TESQUE, INC., 17513-54), and then with 50 ml of 0.1 M phosphate buffer (pH 7.4) containing 2% paraformaldehyde (Merck, 30525-89-4) and 2% glutaraldehyde (TAAB Laboratories Equipment Ltd, G011/1). Femurs were excised and further fixed by immersing in the same fixative for 2 d, and then demineralized by slowly shaking in a solution of 10% EDTA-2Na (pH 7.3) at room temperature for 17 d. The growth plate of the distal part was cut so that the directions can be recognized. Samples were then postfixed for 180 min at 4°C with 1% OsO 4 (Merck, 124505)-1.5% tetrapotassium ferrocyanide (FUJIFILM Wako Pure Chemical Corporation, 152560) in H 2 O. Conventional dehydration and embedding procedures were performed as reported previously [43] . Ultra-thin sections of 60-nm thickness were stained with uranyl acetate (FUJIFILM Wako Pure Chemical Corporation, 219-00692) and lead citrate (TAAB Laboratories Equipment Ltd, L018), and observed under an electron microscope, JEM1400EX (JEOL, Tokyo, Japan).
For counting dilated ER, profiles of proliferating chondrocytes were taken at a magnification of x 6000, while for the estimation of glycogen contents, resting and early proliferating cells that resided within a zone approximately 30 µm from the bone-cartilage boundary were taken at x 8000. Both cytoplasmic and glycogen areas were measured using ImageJ (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis
Statistical analysis was performed using the unpaired t-test (Welch test) or Mann-Whitney U test. A P value less than 0.05 was considered to indicate statistical significance.
